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Autogenous shrinkageThe sludge coming from the polishing process of ceramic tiles, particularly ‘porcellanato’ and ‘monoporosa’,
results in a large amount of waste that requires disposal in controlled landﬁlls. Consequently, the ﬁnancial
and environmental costs of landﬁlling are very high. However, the ‘porcellanato’ and ‘monoporosa’ polishing
residues could be used as supplementary cementitious material (SCM) instead of being disposed or landﬁlled.
Therefore, in this study, the synergistic effect of ‘porcellanato’ and ‘monoporosa’ polishing residues (MixPR) as
supplementary cementitious materials was reported. The physical and chemical characteristics of MixPR were
determined by laser diffraction (particle size), X ray ﬂuorescence (chemical composition) and X ray diffraction
(mineral composition). The variability of the characteristics of the studied MixPR was evaluated over a period
of three months at the source. Mortar compositions were studied replacing the cement content by MixPR
(0, 10, 20, 25, 30 and 40% mass fractions). The mortars were characterized by their consistency index (ﬂow-
table), compressive strength, pozzolanic activity index, thermal behavior (calorimetry) and autogenous shrink-
age. As a result, themortar compositions usingMixPRmaintain their plasticity and show a high rate of pozzolanic
activity index, reaching 111%. The compressive strength at 120 days of curing was 41.5 MPa when using 25%
MixPR, as compared to 40.0 MPa when no MixPR was used (0% addition). At early ages (28 days) the use of
25%MixPR reduces the compressive strength by 10–15% due to the slow nature of the pozzolanic activity caused
by the residue. The results show an improvement of the efﬁciency index (given in kgm −3 MPa −1) when using
MixPR due to the reduction on cement consumption by 30%, reducing therefore the CO2 emissions.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Ceramic polishing residues (PR) can be used for the manufacturing
of several products, including ceramic tiles [1–3]. However, studies on
the reuse of ceramic polishing residues in cement-based materials are
scarce [4–6]. The polishing residue, called PPR if coming from
‘porcellanato’ tiles or MPR if coming from ‘monoporosa’ tiles, is a com-
mon waste from the ceramic industry, being, usually, landﬁlled. In the
polishing process almost 1 mm of the tile surface is removed by the ac-
tion of SiC and/or diamond tools that are ﬁxed on water-cooled ma-
chines. As a result, a water suspension formed by a mixture of the
abraded tool with the abraded ceramic surface is formed, that is called
polishing residue. This sludge is processed in efﬂuent treatment plants.
There are large amounts of this sludge with relatively similar character-
istics piled up in ceramic tile industries [1–3].o em Engenharia Civil (PPGEC),
. This is an open access article underAccording to the NBR 10,004/2004 Brazilian Standard, both sludge
(‘monoporosa’ and ‘porcellanato’ polishing residues) are classiﬁed as
‘non-inert Class IIA residue’ due to their pH after solubilization tests
(pH= 13.8 for the mix). Therefore, the sludge must be adequately dis-
posed on controlled landﬁlls or adequately used as ﬁller for cementi-
tious materials [4–6].
Polishing residues, along with their ﬁller effect [6-8], can maximize
the hydration process in Portland cement due to the high amount of
amorphous silica and alumina, that promotes the pozzolanic reaction.
During hydration, the residue can act as nucleation centers owing to
its small particle size after polishing.
Tests performed by Rambaldi et al. on cement mortars using
10% and 20% polishing residue (mass fractions) showed that the
compressive strength at 56 days age increased by 50% [1]. At the same
study, thermogravimetric (TG) results showed that portlandite
was consumed by silica, which is part of the waste composition,
in order to form C-S-H, presenting, therefore, pozzolanic action. The
pozzolanic effect presented by polishing residues enables its use as sup-
plementary cementitious materials (SCM) because the polishing resi-
due (PR) improves cement performance due to the reduction inthe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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caused by carbon dioxide emissions caused by Portland cement produc-
tion [1,4].
Another important issue when using Portland cement for the pro-
duction of more efﬁcient materials, such as high-performance concrete,
is the phenomenon of retraction, caused by the autogenous shrinkage.
Retraction (or shrinkage) can lead to cracking of hydrated cement ma-
trix and the early deterioration of concrete structures. The effect of PR
addition on the autogenous shrinkage of cement pastes can be caused
by four phenomena [9]: (i) cement dilution by PR,with less cement gen-
erating less shrinkage; (ii) heterogeneous nucleation of hydrates on the
surface of PR particles, accelerating cement hydration and, consequent-
ly, increasing shrinkage; (iii) pozzolanic reaction of PR with CH pro-
duced by cement and; (iv) increase of capillary tension, due to the
reﬁnement of pore size distribution, leading to an increase in autoge-
nous shrinkage.
Andreola et al. [4] showed in their study on polishing residues as
supplementary cementitious material that the use of PR has resulted
in an increase in compressive strength and a reduction in porosity. For
them, there was chemical activity between the residue and portlandite
(calciumhydroxide). The chemical composition of the sludge studied by
Andreola et al. [4] is similar to the sludge studied in this work. In their
study, the compressive strengths were 63.2, 56.8 and 53.3 MPa for the
compositions using no residue (0% PPR), 25% ‘porcellanato’ residue
and 25% glazed residue, respectively. For ‘porcellanato’ residue and
glazed residues, respectively, the pozzolanic activity indices were 89.9
and 84.3 at 28 days, and 101.4 and 88.0 at 90 days. The replacement
of 25% cement by PR outperformed the pure cement, showing the syn-
ergistic effect of mixing cement with PR, and leading to the improve-
ment of permeability and durability of the products. The water/
cement ratio was 0.50.
The results of Pelisser et al. [6] corroborate this behavior. The
use of PPR as addition to cement resulted in an increase in compressive
strength, from 27.2 MPa for 0% PPR to 41.2 MPa for 20% PPR
addition after 56 days. Considering that, for the reference mortar,
17 kg of cement are needed to obtain 1 MPa of strength with a
cement consumption of 456 kg/m3, the increase in compressive
strength would save, in theory, about 238 kg of cement per cubic
meter of mortar. In this case, the performance index of cement con-
sumption would decrease from 16.7 kg/MPa for 0% PPR addition to
10.4 kg MPa for 20% PPR addition. For both examples, the cement
yield is higher than 40%.
Wattanasiriwech et al. [5] studied the use of polishing residues for
the production of paving blocks. The results showed that the use of
20% cement in the composition could result in a compressive resistance
of 35 MPa after 28 days age.
‘Monoporosa’ is another common polishing residue, which has not
been extensively studied for application as SCM in Portland cement
products. For some ceramic tile industries, the amount of ‘monoporosa’
polishing residue is higher than that of ‘porcellanato’ polishing residue.
As our previous study [6] showed the effect of ‘porcellanato’ sludge as
supplementary cementitious materials (SCM), studying the effect of
‘monoporosa’ as SCM is important in order to compare the feasibility
of using both residues in cement products. Furthermore, to date there
are no studies on the variability of the properties of both residues over
time for use as SCM.
Therefore, the aim of thisworkwas to study the effect and variability
over time of production of PPR (‘porcellanato’ polishing residue) and
MPR (‘monoporosa’ polishing residue) as supplementary cementitious
materials (SCM). In order to evaluate the variability in their physical–
chemical characteristics in batch production, both residues were col-
lected in a period of three months from a company specialized in
polishing ceramic tiles located at Criciúma city, Santa Catarina state,
Brazil. The residueswere characterized by XRF, XRD and PSD and amix-
ture of them was added to mortar compositions to determine their ef-
fectiveness as SCM.2. Materials and methods
CP V ARI Portland cement (equivalent to CEM I 52.5 cement accord-
ing to EN 197–1 [10] standard) and Brazilian standard sand (NBR 7215
standard, mixing the four particle sizes [11]) were used for the compo-
sition of all cement pastes and mortars developed in this study.
The ‘porcellanato’ and ‘monoporosa’ polishing residueswere collect-
ed during eight weeks in order to evaluate the variability of the residue.
The samples were collected from a company specialized in polishing
and lapping ceramic tiles (wall and ﬂoor tiles), located at Criciúma,
southern of Santa Catarina state, Brazil. Thewater used in the processing
(polishing and lapping) lines, cleaning and cooling equipment is
drained by gravity into channels to the wastewater treatment system.
Any residue coming from ‘porcellanato’ or monoporosa tiles share the
same circuit pipes to the treatment system, preventing the separation
of both before the ﬁlter press system.
Also, there is a great daily or evenweekly variation in the production
of both residues; sometimes the production lines produce more
‘monoporosa’ residue, sometimes more ‘porcellanato’ tile residue. Due
to the change in volume coming from both residues, a schedule of col-
lections (eight weeks) was drawn up on the same day of the week, in
order to well represent the variation in output and to determine if
there were signiﬁcant differences on both residues. The samples were
identiﬁed as ‘porcellanato’ polishing residue (PPR) and ‘monoporosa’
polishing residue (MPR) due to the company having processed more
‘porcellanato’ tiles or ‘monoporosa’ tiles.
The residues were characterized by X-ray diffraction (XRD, CuKα,
λ= 1.5418 Å, 10° to 80° (2θ) in 2°/min reading time), laser diffraction
and X-ray ﬂuorescence (by WDS) techniques in order to determine
theirmineralogical, particle size distribution and chemical characteristics.
No signiﬁcant differences could be observed between the PPR and MPR
samples, as shown in Table 1. Therefore, both residues were mixed to-
gether to study their effect on cementitious materials, and the residue
was called only PR (polishing residue) and assigned asMixPR for analysis.
After mixing, the average particle size was determined to be 13.7 μm.
The mortars were produced in 1:3:0.6 ratio (cement: sand: water/
binder ratio) with cement replacement by MixPR at 0, 10, 20, 25, 30
and 40wt.% concentrations. The replacementwas performed in relation
to the cement mass, because the bulk density of both materials is close.
The plasticity (determined by the ﬂow-table method, according to EN
1015 [12] standard) was kept constant at 27 ± 2 cm.
To characterize the cement/residue compositions, compressive
strength, pozzolanic activity, differential thermal analysis and isother-
mal calorimetry tests were performed:
i) Compressive strength tests according to ASTM 1231 standard [13]
at 2, 7, 28, 100 and 120 days of age. Additionally, strength tests (at
28 days) using limestone ﬁller (D50 = 29.47 μm) in place of the
MixPR were performed;
ii) Pozzolanic activity index (PAI) according to ASTM C 311 standard
[14], considering PAI = 75%. The pozzolanic activity index was deter-
mined using Eq. (1) [14]:
BI ¼ cement cons:
Strength
1
where: BI is the efﬁciency index or binder index; cement cons. is the ce-
ment consumption (kg/m3); and strength is the performance indicator,
in this case, the strength of the samples (MPa).
iii) Thermal analysis in samples containing 0, 20, 25 and 40 wt.%
MixPR at 28 days age (Q600 SDT, TA Instruments, 10 °C/min heating
rate, 20–800 °C, 100ml/min N2 ﬂow, platinum crucible, 15 mg sample).
The amount of calcium hydroxide was calculated considering Eq. (2)
(Silva et al. [15])
CH ¼ pmCH xmmCa CHð Þ2
mmH2O
2
Table 1
Chemical analyzes (XRF) and particle size distribution of the polishing residue and cement.
Oxides
Materials
CEM PPR MPR MPR PPR PPR PPR PPR MPR PPR
Al2O3 5.2 21 20.9 20.9 20.9 20.7 19.4 20 20.1 20.8
CaO 58.5 1.8 3.1 3.7 1.6 2.1 1.7 2.6 4.6 1.2
Fe2O3 2.5 1.7 1.7 1.67 1.7 1.7 1.9 1.9 1.9 1.5
K2O 0.53 2.5 2.3 2.3 2.3 2.5 2.3 2.3 2 2.4
MgO 1.6 1.2 1.1 1.1 1.2 1.2 1.9 1.5 1.3 1.1
Na2O 0.11 3.3 2.6 2.3 3.6 3.3 2.1 2.4 1.5 3.2
P2O5 0.06 0.11 0.1 0.1 0.11 0.08 0.06 0.07 0.08 0.08
SiO2 20.3 66.4 66 65.7 66.2 66.1 68.9 67.1 66.2 68.1
TiO2 0.25 0.77 0.76 0.7 0.79 0.74 0.57 0.65 0.68 0.59
BaO 0.23 0.12 0.21 0.2 0.21 0.21 0.24 0.3 0.25 0.07
ZrO2 b 0.1 0.46 0.49 0.61 0.5 0.45 0.37 0.48 0.57 0.43
LOI 3.5 0.5 0.5 0.57 0.49 0.62 0.5 0.59 0.52 0.47
Particle size, D50 (μm) 10.8 12.2 10.4 6.7 11.6 10 5.7 7.5 10.6 7.4
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molar mass of calcium hydroxide (=74); mmH2O is the molar mass of
water (=18);.
iv) Isothermal calorimetry analysis, performed to evaluate the re-
placement of cement by residue in amounts of 0, 10, 20 and 25 wt.%
and considering additions of 10, 20 and 25 wt.% of residue over cement.
Samples of 11 ± 0.1 g were used in tests conducted at 22 °C (TAM Air,
TA Instruments);Fig. 1. (a) Diffractograms for the ‘porcellanato’ polishing residue (PPR) samv) Autogenous shrinkage of pastes: According to NBR 12,650 stan-
dard [16], 2.5 × 2.5 × 30 cm3 sample molds and 25 cm reading length.
The deformations were measured in the center of the span using two
LVDTs, positioned on opposite sides of the center span (2 mm± 2 μm
readability). The test was performed in a climatic chamber with a con-
stant temperature of 22 ± 2 °C. The molds were sealed on the surface
with resin and a glass plate. The cement paste with 0, 20 and 40 wt.%
residue additionwas placed 5min aftermixing. The test was performed(a)
(b)
ples and (b) for the ‘monoporosa’ polishing residue (MPR) samples.
Table 2
Chemical analyzes (XRF) and particle size distribution of the polishing residue mixture (MixPR).
Oxides Al2O3 CaO Fe2O3 K2O MgO Na2O SiO2 TiO2 ZrO2 LOI Particle size, D50 (μm)
MixPR 21.0 2.6 1.7 2.3 1.2 2.7 66.4 0.7 0.4 0.4 13.7
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23 days was used for comparison of the results. The test was performed
just to separately assess the effect of waste and cement.3. Results and discussion
3.1. PPR and MPR characterization
Chemical (by XRF) analysis for all samples of PPR and MPR showed
similar results, Table 1. Also, the mean diameters (by laser diffraction)
for all samples are quite similar particle (Table 1). From the chemical
analysis, the polishing residues (‘porcellanato’ and ‘monoporosa’) are
mainly formed by silica (~66 wt.%) and alumina (~21 wt.%) with small-
er amount of alkaline (~5 wt.%) and earth-alkaline (~4 wt.%) oxides,
typical composition for vitriﬁed ceramic tiles. The average particle size
for all samples, 9 μm, is typical for residue coming from a polishing op-
eration of ceramic tiles.
Fig. 1a shows the diffractograms for the ‘porcellanato’ polishing res-
idue (PPR) samples and Fig. 1b for the ‘monoporosa’ polishing residue
(MPR) samples. The analysis for all samples shows that there are virtu-
ally no differences between the 2θ values of the main peaks for all sam-
ples. PPR and MPR samples present the same crystalline phase, quartz
(PDF-ﬁle 46-1045). However, besides the presence of quartz, the resi-
due can be considered a reactive material due to the amorphous halo
between 18° and 36° (2 theta).
Considering the results, the samples of PPR andMPRweremixed to-
gether, resulting in a sample calledMixPR thatwas used in the prepara-
tion ofmortar and paste compositions. Its chemical analysis and particle
size is shown in Table 2.
After mixing, the amount of SiO2 + Al2O3 + Fe2O3 oxides for the
MixPR composition was 89.1 wt.% and its particles showed a mean di-
ameter of 13.7 μmand, therefore,MixPR can be classiﬁed as a pozzolanic
material in accordance to ASTM C618 standard [17]. That standard
recommends that the sum of SiO2 + Al2O3 + Fe2O3 should be at
least 70 wt.% for a particle size with an equivalent diameter less than
45 μm.Fig. 2. Compressive strength for mortars with MixPR addition.3.2. Mechanical properties of mortars
During mixing, the mortar plasticity was quite constant. The ﬂow-
table test resultswere 29.4, 28.4, 30.6, 30.3, 30.9 and 30.5 cm formortars
with 0, 10, 20, 25, 30 and 40 wt.% MixPR contents, respectively. From 2
to 28 days of age the compressive strength remained constant until the
addition of 25 wt.% MixPR in the mortar composition, Fig. 2. For higher
ages, the increasing in resistance is higher for compositions with more
amount ofMixPR. The compositionwith 30wt.%MixPR achieved equiv-
alent performance to the reference sample (without MixPR addition).
As a comparison, the use of 30 wt.% limestone as ﬁller in the mortar
compositions resulted in a reduction of 25% on the compressive
strength of the samples regarding the mortar composition with
30 wt.% MixPR (Fig. 3). The compressive strength reduction was 40%
for the mortar composition with 40 wt.% of limestone. The strength re-
sults show the effect of the polishing residue (MixPR) as a pozzolanic
material.
Regarding the efﬁciency index for cement consumption
(kg m−3 MPa−1), the reference composition (at 120 days of age)
shows an index of 11.41 kg m−3 MPa−1. The mortar with the addition
of 40wt.%MixPR shows an index of 7.65 kgm−3 MPa−1, a saving in ce-
ment consumption of 33%. This result ﬁts in benchmarks of cement use
efﬁciency cited by Daminele et al. [18].
The effect is attributed to the pozzolanic activity showed by MixPR.
Fig. 4 shows that the pozzolanic activity rates for mortars with 25 wt.%
MixPR are 85, 101 and 104% at 28, 100 and 120 days of age, respectively.
As the concentration of MixPR is increased in the mortar samples,
the concentration of calciumhydroxide is lowered. The calciumhydrox-
ide amount is reduced from 19 wt.% (for 0 wt.% MixPR) to 9 wt.% (for
40 wt.% MixPR addition), as can be observed by the thermal analysis re-
sults, Fig. 5. The reduction in the calciumhydroxide content is improved
at the age of 120 days. Obviously, the reduction in cement consumption
inmortars usingMixPR results in less amount of calcium hydroxide, but
the reduction observed, 47 wt.%, was greater than the reduction in
Ca(OH)2 that should be expected for a smaller cement consumption.
Another possible contribution to the increasing in resistancewas the
ﬁller effect and the heterogeneous nucleation caused by the ﬁne parti-
cles of MixPR during cement hydration, as can be concluded from the
calorimetric analysis, Fig. 6. The normalized heat (W/g) increases during
the acceleration period (up to 0.0045W/g) formortar compositions thatFig. 3. Compressive strength for mortars + MixPR and mortars + ﬁler.
Fig. 4. Pozzolanic activity index of the compositions.
Fig. 6. Kinetic curves of cement hydration for mortars with MixPR (substitution and
addition).
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MixPR as an addition over cement.
3.3. Autogenous shrinkage of pastes
The autogenous shrinkage was also signiﬁcantly reduced with the
use of MixPR, Fig. 7. The reference samples show an overall shrinkage
of 603 μm/m (average of three samples). The samples with 25 wt.% of
MixPR show an overall shrinkage of 382 μm/m, a reduction of 37% in
shrinkage. The samples with 40 wt.% of MixPR show an overall shrink-
age of 108 μm/m, a reduction of 82% in shrinkage. Although the test
was performed between 23 and 30 days with 50 s reading intervals,
the age of 23 dayswas used for comparison of the results for all samples.
Fig. 7 shows the three stages of shrinkage, particularly for reference
samples and samples with 25 wt.% MixPR. Initially there is a small
shrinkage in the ﬁrst day, followed by an expansion, and ﬁnally an in-
creasing in shrinkage. According Bathar [19] the behavior can be ex-
plained as follows: i) ﬁrst shrinkage or early retraction occurs after the
onset of cement setting (2 to 3 h after mixing) and is associated with
the onset of hydration reactions and with the Le Chatelier contraction
(when the volume of hydrates formed is less than the volume of product
plus the non-hydrated water); ii) period of expansion, between 4 and
10 h after mixing, andmay extend up to 10–20 h. This expansion occurs
due to the formation and precipitation of large crystals of ettringite dur-
ing setting; and iii) second shrinkage or ‘self-drying’ shrinkage, that be-
gins after setting and when all the cement hydration is complete. It isFig. 5. Thermaresponsible for much of the autogenous shrinkage. The expansion peri-
od can also be related with the thermal expansion of the cement paste,
since the reactions of cement hydration are exothermic [20].
Considering the above, the reduction of the autogenous shrinkage is
explained by two situations: i) the pozzolanic action of MixPR, which
promotes slower reactions; and the phenomenon known as ‘inner
healing’, in which pozzolanic materials adsorb signiﬁcant amounts of
water in their surfaces, which in sequenced is released to the environ-
ment during cement hydration, and therefore reducing the capillary
pressure between the grains; and ii) the effect of cement dilution in
the mixtures (mortars), beginning from 25 wt.% substitution of cement
by MixPR. Therefore, as the compositions show the same plasticity and
strength, the reduction in shrinkage can be related to the use of MixPR
in the mortar compositions.
Finally, an analysis of variance, ANOVA, was performed in order to
determine, statistically, if the polishing residuemix (MixPR) could inﬂu-
ence the autogenous shrinkage of the samples. Table 3 shows thel analysis.
Fig. 7. Autogenous shrinkage.
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(ANOVA, 95% reliability). In ANOVA, Table 3, the amount of the
polishing residuemix (MixPR)was the independent variable (the factor
under study) and the autogenous shrinkagewas the dependent variable
(the response when the factor was changed). For a 95% conﬁdence in-
terval, the result shows that the use of MixPR in the mortar composi-
tions signiﬁcantly affects the autogenous shrinkage, with a reliability
of the results (p-value) of 99.99% regarding the error of the experiment.
The results obtained in this study show the outstanding perfor-
mance of MixPR as a supplementary cementitious material. The use of
this residue contributes to the sustainability of the construction indus-
try because its use promotes the recycling of solid waste and the use
ofmore efﬁcient and durablematerials, resulting in savingswith expen-
ditures for maintenance and rehabilitation of structures.4. Conclusions
The study was carried out with several samplings coming from two
kinds of polishing residues, ‘porcellanato’ tiles and ‘monoporosa’ tiles.
The surfaces of both products are quite similar: the ‘monoposa’ surface
presents a vitreous layer produced by glazing and the ‘porcellanato’ sur-
face (and body) is partially vitriﬁed due to its composition after ﬁring.
Both residues present silica and alumina as mains components, with
smaller amount of alkaline and earth-alkaline oxides, with similar com-
position. Also, their particle sizes are quite similar. The XRD analysis
showed that both residues are mainly composed by quartz and an
amorphous phase. Therefore, they can be used as supplementary ce-
mentitious materials.Table 3
ANOVA for the effect of MixPR on the autogenous shrinkage.
Variable SSM dF SSe F p
MixPR (mass %) 0.003684 2 0.001842 74.3147 0.000058
Error 0.000149 6 0.000025 – –
SSM: Sumof squares of themain effect; dF: Degrees of freedom; SSe: Sum of squares of the
error.Regarding the efﬁciency ratio of cement consumption (kg m−3-
MPa−1), the results showed that the use of MixPR in mortar composi-
tions has improved the efﬁciency ratio, reducing the cement
consumption by 30%. The effect was caused by the pozzolanic and ﬁler
effects of MixPR. Also, the use of MixPR, the mixture of ‘porcellanato’
and ‘monoporosa’ polishing residues in mortar compositions, besides
increasing the onset time of shrinkage, has reduced the total autoge-
nous shrinkage, that nowadays is a serious problem for durability of
structural concrete. A higher shrinkage causes premature cracking dur-
ing concrete use.
This effect contributed to the study and to the applications of supple-
mentary cementitious materials, while optimizing the use of Portland
cement and reducing the environmental impact of carbon dioxide emis-
sions originating from its production.
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